Non-contact atomic force microscopy is rapidly expanding from ultra-high vacuum to include the study of surfaces and biomolecules in liquids by high resolution imaging and force spectroscopy. This is despite the additional frequency shift noise due to the inherently low Q factor of the cantilever oscillating in a liquid. In this paper we present a tip based on an optical fiber which can operate in liquid with Q factors in excess of 100 using a 'diving bell' arrangement which allows only a small portion of the tip to be submerged. We demonstrate stable imaging and force spectroscopy using this set-up. The tips are based on scanning near-field optical microscopy tips and, when used with NC-AFM, provide a method of combining both high resolution mechanical and fluorescence studies of biomolecules and cells.
Introduction
Non-contact atomic force microscopy (NC-AFM) or frequency modulation atomic force microscopy (FM-AFM), which uses the change in resonance frequency of an oscillating cantilever to detect the interaction between a probe tip and a sample [1] , has been widely applied for high resolution imaging in vacuum environments with atomic and molecular resolution being obtained on various systems [2] [3] [4] . The technique has been extended to liquid environments [5] [6] [7] to study biomolecules such as lipids in physiological solutions where high resolution imaging and force curve measurement can unravel the hydration structure around these molecules [8, 9] .
Also of great interest in aqueous environments are investigations of live cells where combined fluorescence microscopy and force spectroscopy provide powerful tools to link protein expression (by genetic tagging with fluorophores such as green fluorescent protein) with the mechanical state of the cell [10] . Scanning near-field optical microscopy (SNOM) combines local, surface-sensitive fluorescence microscopy by illuminating an area less than the diffraction limit in diameter with an evanescent field, with a local force probe [11] . Previously SNOM has been performed on fixed cells using an optical-fiber-based tip in a shear force geometry which employs a quartz tuning fork as the force transducer [12] [13] [14] [15] . This presents a number of drawbacks: the origin of the shear force is not well understood, making quantification difficult [16] [17] [18] , biological membranes are more susceptible to damage by shear forces than normal forces [19, 20] and the high spring constant of the tuning fork (∼1800 N m −1 ) makes low force imaging practically challenging. An alternative approach is to use the optical fiber itself as a force transducer in a bent geometry [21] [22] [23] . Such bent fiber probes have the advantage that they are compatible with commercial AFM systems using an optical beam deflection sensor and the force applied to the sample is normal to the sample surface. In contrast to the widely used amplitude modulation AFM (tapping mode), where a set of ordinary differential equations must be solved to recover the force from phase and amplitude information [24] , if such a tip is used in NC-AFM feedback relatively simple and accurate formulae may be used to calculate the force [25] [26] [27] . Thus such a bent fiber probe allows simultaneous local fluorescence microscopy and quantitative force spectroscopy when used with NC-AFM feedback.
In addition, the unique geometry of the optical fiber probe allows a high Q factor to be maintained in liquid when compared to microfabricated silicon and silicon nitride cantilevers. This is accomplished by submerging only a small section of the fiber into the liquid, allowing the force transducer to oscillate in air [28] . In terms of NC-AFM feedback, this reduces frequency shift noise and increases force sensitivity, allowing combined local fluorescence and force spectroscopy in a liquid environment on a commercial instrument without the need for ultra-low noise deflection sensors [7] . In the following we outline the fabrication of bent fiber probes as well as an implementation of the 'diving bell' technique which allows high Q, stable operation in liquid [29] [30] [31] . We demonstrate successful imaging and force spectroscopy using this arrangement and discuss optical, topographic and force resolution.
Experimental details

Tip fabrication
In a bent fiber probe the fiber serves as the AFM tip, the force transducer (cantilever) and a waveguide to deliver light to the subwavelength aperture used for local illumination (see figures 1(a) and (b)). The fabrication process requires a number of steps outlined in the following. A cleaved quartz optical fiber is heated to its softening temperature with a stable, high frequency electric arc produced between two tungsten electrodes by a voltage of 7.5 kV at 65 kHz (Information Unlimited, NH, USA) [32, 33] . A nozzle positioned above the arc provides a flow of N 2 gas which pushes on the softened fiber causing it to bend. By repeated bending and measurement, the fiber is bent to an angle of 101 • ±3
• which is necessary for mounting in the AFM. Once bent, the AFM tip is formed by chemical etching in buffered oxide etchant, usually an 8:1:1 by volume ratio of 40% by weight of ammonium fluoride, water and hydrofluoric acid. The fiber is highly doped with Ge in the core which makes the etching selective: the cladding glass etches more quickly than the core glass, leading to the formation of a sharp conical tip, the angle and length of which can be controlled by changing the concentration of ammonium fluoride [34] [35] [36] . It should be noted that during the tip formation process the fiber is also thinned from the nominal diameter of 125 µm to 30-85 µm in order to lower the spring constant. The fiber probe is then mounted in a rotating holder in a high vacuum evaporator and the tip and cantilever section are coated with aluminum at a rate of 4-6 nm s −1 and at a typical pressure of ∼10 −6 mbar [37] . The coating on the tip confines the light to the etched cone and the coating on the cantilever section serves as a reflective coating for the AFM's optical beam deflection (OBD) sensor. The metal coating is removed from the end of the tip using focused ion beam (FIB) milling in slices perpendicular to the optical axis of the fiber to open a small aperture to allow local fluorescence microscopy. The aluminum coating and a 60 nm aperture are shown in figure 1(b) . The probe is glued to a micromachined silicon v-groove chip using conducting epoxy to facilitate mounting in the AFM tip holder. The vgroove greatly facilitates alignment of the fiber to the chip and ensures a high Q factor in air 1 . Figure 1 shows a finished tip. Typically dimensions are ∼1 mm for the length of fiber Figure 2 . A schematic of the bent fiber probe in the diving bell for liquid operation. The diving bell consists of a quartz ring which is sealed to the Asylum Research tip holder. As the seal is airtight, the trapped volume of air will displace the liquid as the AFM head is lowered toward the sample. This maintains a constant meniscus shape and length of submerged fiber. The section of fiber serving as the cantilever is free to oscillate in air. This gives a high Q factor during liquid operation. for the 30 µm diameter tips (estimated from the material's properties, geometry and resonance frequency, assuming a cylindrical cantilever with a mass load) and 65 N m −1 for the 85 µm diameter using the added mass method [38] .
Operation in liquid
For liquid operation a 'diving bell' has been adapted from that used previously with shear force SNOM set-ups [29] [30] [31] . See figure 2 for a schematic. The diving bell consists of a standard Asylum Research tip holder (the full apparatus is described below) modified with a custom clip to accommodate the fiber probe and a quartz ring which is sealed to the plastic Kel-F body of the tip holder using vacuum grease (Dow Corning, MI, USA). The fiber tip extends outside the quartz ring by several hundred microns. The airtight seal formed between the quartz ring and the tip holder allows the air to displace the liquid in the sample dish as the tip is lowered toward the sample. A constant meniscus shape and length of submerged fiber tip is maintained, and, consequently, the Q factor and resonance frequency remain constant as the tip is moved up and down or if the fluid level in the sample dish changes during the course of an experiment (due to evaporation). More importantly, by submerging only a short section of fiber while allowing the cantilever section to oscillate in air, a significantly higher Q factor can be obtained when compared to typical values for microfabricated silicon and silicon nitride cantilevers in liquid [39] . The mechanisms for damping in liquid are complex and, in addition to viscous drag, involve losses due to the creation of waves at the interface as well as turbulent vortices in the liquid. Detailed modeling would help to elucidate the particular loss mechanisms at play here.
NC-AFM set-up
The results were obtained using an MFP-3D-BIO from Asylum Research mounted on an Olympus IX-71 inverted optical microscope. A custom breakout box was used to access the deflection and drive signals directly from the AFM head. A Nanosurf easyPLL and sensor controller (Nanosurf AG, Switzerland) were used to drive the fiber tip in self-oscillation mode and detect its resonance frequency. A bandpass filter (Krohn-Hite Corporation Model 3382 Filter) was applied to the deflection signal in order to reduce noise and prevent the excitation of the second flexural eigenmode of the fiber probe. After fabrication, fiber tips were mounted in the diving bell. The (driven) Q factor and resonance frequency of the fiber tip were measured as it was lowered toward the surface in steps of 10 µm. Once it approached a clean glass surface, scanning and frequency shift versus distance spectroscopy were performed. Figure 3(a) shows the amplitude response as a function of frequency for a bent fiber probe in air and when completely submerged in water. As is typical when mechanically exciting the cantilever in a liquid environment, many spurious peaks are visible in the liquid spectrum due to excited modes of the cantilever plus tip holder. This makes selection of the driving frequency difficult and prevents quantification of the force as the detected deflection signal does not correspond to the motion of the cantilever but the cantilever plus the tip holder. A magnetic [39] or thermal-optical actuation [40] can be employed to excite the cantilever directly, but a bent fiber probe in the diving bell presents another approach. Figure 3(b) compares the spectra obtained for a bent fiber probe in air as well as in the diving bell. The resonance curve maintains its shape and the Q factor remains high at 126 in liquid. For the 15 tips tested in this study the mean Q factor in liquid obtained using the diving bell was 64. A histogram of the results is shown in the inset of figure 3(b) . Typical Q factors measured from thermal spectra in our AFM for commercial microfabricated cantilevers (i.e. Olympus AC240 or Nanosensors PPP-FMAuD) in liquid are 3-5. The bent fiber probe in the diving bell represents a considerable improvement. As the frequency shift noise due to thermal noise [1] and oscillator noise [41, 42] are inversely proportional to Q, this means that a bent fiber probe will typically exhibit lower frequency shift noise than a commercial cantilever for a given deflection sensor, spring constant and amplitude. Figure 4 explores the frequency and Q factor stability and demonstrates the repeatability of the diving bell technique. Figures 4(a) and (b) show the behavior of the same bent fiber probe when used with and without the diving bell, respectively. As can be seen in figure 4 (a) the tip is initially oscillating in air with a Q factor greater than 300 in both cases. As soon as a meniscus forms between the tip and the liquid, the Q factor drops sharply. As the tip is further lowered toward the sample the behavior is different: without the diving bell the Q factor drops steadily as an increasing length of the fiber is submerged: however, with the diving bell, after the quartz ring has touched the surface of the liquid, the length of fiber submerged and the meniscus shape are constant and, consequently, the Q factor remains constant. A similar behavior is observed in the resonance frequency as shown in figure 4(b) . The Q factor and resonance frequency of several bent fiber probes are shown in the insets of figures 4(a) and (b), respectively. In each case the diving bell was employed and the Q factor and resonance frequency remain constant as the tip is lowered toward the sample.
Results and discussion
High Q in liquid using the diving bell
Stability and repeatability
Successful imaging and force spectroscopy
Stable imaging has been demonstrated by imaging a clean glass surface in water. Figure 5 (a) shows a 15 µm 2 image obtained using a bent fiber probe in the diving bell in liquid. The image is 512 pixels × 512 pixels captured at 0.5 s/line using a frequency shift of +64 Hz at an amplitude of 10 nm with a base frequency of 39.212 kHz. The lateral topographic resolution estimated from the smallest feature size in this image is ∼200 nm. This is expected for fiber tips prepared for SNOM as the metal coating used to confine the light adds significantly (c) Figure 5 . A 15 µm 2 scan of a clean glass surface taken in liquid using a fiber tip in the diving bell is shown in (a). The 512 pixels × 512 pixel image was collected at 0.5 s/line with an amplitude of 10 nm, frequency shift of +64 Hz, resonance frequency of 39.212 kHz and a Q factor of 60. The vertical scale is 3 nm from black to white. A frequency shift-distance curve collected on the surface is shown in (b) and the computed repulsive force is plotted as a function of frequency shift in (c). The highlighted region shows the range of frequency shifts corresponding to sub-nN forces which can typically be applied to biological samples without damage.
to the tip radius (see figure 1(b) ). This can be improved by using the fiber tip as a platform for a nanoantenna [43] . In applications where optical imaging is not of interest then the fiber can be left uncoated and fiber-based tips with diameters less than 10 nm have been demonstrated [34] . Further study is required to determine the ultimate resolution limits with these different tip geometries in liquid. The z resolution is currently limited by instrumental factors.
In addition, frequency shift versus distance spectroscopy was performed on the glass surface and a typical curve is shown in figure 5(b) . The force was computed from this curve using Sader's formula [27] and it is plotted against frequency shift in figure 5(c) . The highlighted region shows the frequency shifts corresponding to sub-nN repulsive forces which can typically be applied to biological samples without damage. The maximum force sensitivity of 7 pN Hz −1 occurs between 10 and 20 Hz and a wide range of frequency shifts (greater than 30 Hz) gives access to the force regime where it is possible to measure the elastic modulus as well as the complex rheology (frequency-dependent viscoelastic properties) of a live cell in combination with local fluorescence microscopy.
Conclusions
The fabrication of bent fiber probes and their use in liquid with the diving bell has been detailed. The diving bell allows operation in liquid while maintaining a high Q factor. Not only does this allow stable imaging using NC-AFM feedback, but it ensures that, even with mechanical excitation of the cantilever's motion, the cantilever is driven at resonance and not a spurious peak due to the combined motion of the cantilever plus its holder. This allows the force to be calculated from the frequency shift, permitting quantitative force spectroscopy in a liquid environment. Imaging forces can be maintained within reasonable limits for soft biological samples and live cells, and the potential exists for both high resolution topographic and optical imaging.
The ability to combine quantitative force spectroscopy with local fluorescence microscopy makes using bent fiber probes with NC-AFM a promising technique for studies of biomolecules and live cells.
